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NEW & NOTEWORTHY Our study shows that the acute impairment of enteric glial metabolism with fluoroacetate (FA) alters specific glial functions that are associated with the modification of neurotransmission in the gut. These include subtle changes to glial agonist-evoked calcium signaling, the subsequent disruption of connexin-43 hemichannels, and changes in protein expression that are consistent with a transition to reactive glia. These changes in glial function offer a mechanistic explanation for the effects of FA on peripheral neuronal networks. autonomic nervous system; enteric glial cells; enteric nervous system; glia; intestine THE PARTNERSHIP BETWEEN NEURONS and glia is increasingly recognized as an essential aspect of nervous system function. Glia and, in particular, astrocytes are intimately entwined within neuronal networks and play key roles in the regulation of neuron function and survival [for reviews, see Fellin and Carmignoto (2004) ; Khakh and Sofroniew (2015) ; Nimmerjahn (2009); Pekny et al. (2016) ; Robel and Sontheimer (2016) ]. For example, astrocytes have emerged as important regulators of ion homeostasis (Kofuji and Newman 2004; Simard and Nedergaard 2004) , neuroprotection (Desagher et al. 1996) , and neurotransmission (Gordon et al. 2009; Keyser and Pellmar 1994; Perea and Araque 2005; Schousboe et al. 2004 ). Many of the key roles of neuroglia in synaptic transmission within the central and peripheral portions of the nervous system are thought to depend on glial activity encoded by fluxes in intracellular calcium concentration ([Ca 2ϩ ] i ) [for examples, see Agulhon et al. (2013) ; Martín et al. (2015) ; McClain et al. (2015) ; Sasaki et al. (2014) ; Scofield et al. (2015) ; Wang et al. (2012) and the following reviews: Bazargani and Attwell (2016); Shigetomi et al. (2016) ]. It is now clear that glial cells respond to neurotransmitters that are released during synaptic activity through pathways that lead to [Ca 2ϩ ] i responses. However, the interpretation of the role of glial activity in the regulation of central and peripheral neural networks has been challenging, and results both support (Agulhon et al. 2013; Cao et al. 2013; Martín et al. 2015; McClain et al. 2015; Scofield et al. 2016 ) and refute (Agulhon et al. 2010; Bonder and McCarthy 2014; Petravicz et al. 2008 ) major glial contributions.
A portion of the debate surrounding the role of glial cells in neurotransmission has been fueled by a poor understanding of the common model organisms and experimental reagents used to probe glial functions. Although new tools are emerging with high temporal and spatial precision toward glia, many older, more coarse techniques are still widely used. For example, fluoroacetate (FA) and its metabolite fluorocitrate (FC) are important tools that have been used to define the role of astrocytes in brain metabolism (Fonnum et al. 1997; Hassel et al. 1994; Swanson and Graham 1994) and neurotransmission (Clarke 1991; Fonnum et al. 1997; Gordon et al. 2005; Hassel et al. 1994; Keyser and Pellmar 1994; Swanson and Graham 1994) . FA and FC are thought to be preferentially taken up by astrocytes and disrupt glial metabolism through effects on the tricarboxylic acid (TCA) cycle enzyme aconitase (Fonnum et al. 1997; Hassel et al. 1992; Paulsen et al. 1987; Swanson and Graham 1994; Willoughby et al. 2003) . FA and FC are still widely used to test experimentally the role of glial cells in central (Henneberger et al. 2010; Letellier et al. 2016; Pougnet et al. 2014 ) and peripheral (MacEachern et al. 2015; Nasser et al. 2006; Wang et al. 2016 ) neural networks. Despite the widespread use of FA, the actual effects of FA on essential glial functions such as Ca 2ϩ signaling and gliotransmitter release remain questionable.
We addressed this issue by testing the effects of FA on glial Ca 2ϩ signaling, hemichannel function, and reactivity in the enteric nervous system (ENS). The ENS is ideally suited for this type of study because enteric neurons and glia share a similar functional arrangement as neurons and astrocytes in the brain (Gabella 1976), enteric glia and astrocytes both depend on the TCA cycle for metabolic support in adult animals (Krum 1995) , and the ENS can be studied in live preparations that maintain network integrity (Broadhead et al. 2012) . Importantly, enteric glia respond to neuronal activity with [Ca 2ϩ ] i responses (Boesmans et al. 2013; Gulbransen and Sharkey 2012) that subsequently enact hemichannel-dependent mechanisms to modify neuronal activity (McClain et al. 2014 (McClain et al. , 2015 . Several studies have used FA and FC to test the roles of enteric glia in peristalsis and gastrointestinal disease (MacEachern et al. 2015; Nasser et al. 2006; Wang et al. 2016 ), but it is not clear if the acute exposure to FA/FC used in these prior studies has any effect on active glial signaling. We specifically tested this point by monitoring glial activity in samples exposed to FA. To study glial Ca 2ϩ signaling accurately, we generated a novel mouse model where the expression of the optogenetic probe GCaMP5G is specifically targeted to enteric glial cells. Our data show that the acute inhibition of glial metabolism with FA does alter glial cell Ca 2ϩ signaling, hemichannel function and expression of proteins including S100␤ and glial fibrillary acidic protein (GFAP). However, the effects of FA on glial Ca 2ϩ signaling were relatively minor when viewed at a network level. These findings indicate that great caution is necessary when interpreting the results of studies using FA. Specifically, our results raise the possibility that the main acute effects of FA on intact systems may be due to both an impairment of Ca 2ϩ signaling and a conversion of glia to a reactive state. G5-tdT) . Mice of both sexes were used for experiments when they reached 8 -12 wk of age, and littermates not expressing Cre (PC::G5-tdT ϩ/Ϫ mice) were used as experimental controls (hereafter referred to as "background control"). Mice were genotyped by the Research Technology Support Facility at Michigan State University using standard PCR. Mice were maintained in a temperature-controlled environment (Innocage system with ALPHA-dri bedding; Innovive, San Diego, CA) on a 12-h light:dark cycle with access to acidified water and a minimal phytoestrogen diet (Diet Number 2919; Envigo, Indianapolis, IN) ad libitum. To induce GCaMP5G-tdT expression, mice were fed tamoxifen citrate (400 mg/kg) for 1 wk before experiments or by administration of tamoxifen-free base (1 mg/10 g body wt ip, twice/day for 2 days, in 1:10 ethyl alcohol:sunflower oil mixture), and experiments were performed 5 days after the final injection of tamoxifen.
MATERIALS AND METHODS

Animals
Longitudinal muscle myenteric plexus whole-mount preparation. Colons were carefully removed from euthanized mice and immediately placed in ice-cold DMEM/Ham's F-12 nutrient mixture (Thermo Fisher Scientific, Waltham, MA) containing 3 M nicardipine and 1 M scopolamine. Colons were then transferred to a Sylgard-coated petri dish (Dow Corning, Midland, MI) filled with chilled DMEM, secured with insect pins, and opened along the mesenteric border. The full-thickness colon was pinned flat, mucosa facing up, and the mucosa, submucosa, and circular muscle were removed by microdissection [see Fried and Gulbransen (2015) for a detailed description]. The resulting live whole mounts consist of an intact myenteric plexus lying atop longitudinal muscle. Ca 2ϩ imaging. Live longitudinal muscle myenteric plexus (LMMP) whole mounts from background control mice not expressing GCaMP5G were loaded with Fluo-4 AM (4 M in DMEM; Thermo Fisher Scientific) for 45 min at 37°C. Sox10-PC::G5-tdT LMMPs were incubated in DMEM for the same period. Fluorescence imaging used an upright BX51WI fixed-stage microscope (Olympus, Center Valley, PA) fitted with a 40ϫ water-immersion objective (LUMPlan N, 0.8 numerical aperture) and a Lambda DG-4 Plus Xenon light source (Sutter Instrument, Novato, CA). Fluorescence of Fluo-4 and GCaMP5G was excited by light passed through a 485-nm, 20-nm band-pass filter and detected by reflected light passing through a 515-nm long-pass filter. tdT fluorescence was excited by light passed through a 535-nm, 20-nm band-pass filter and detected by reflected light passing through a 610-nm, 75-nm band-pass emission filter. Glial cells were identified by morphology in samples loaded with Fluo-4 as described previously (Gulbransen and Sharkey 2009) and by tdT fluorescence in Sox10-PC::G5-tdT samples. Images of Fluo-4 or GCaMP5G fluorescence were acquired at a rate of 1-0.5 Hz with a Neo sCMOS camera controlled by iQ2 software (Andor, South Windsor, CT). Whole mounts were continually superfused with 37°C Krebs buffer consisting of the following (in mM): 121 NaCl, 5.9 KCl, 2.5 CaCl 2 , 1.2 MgCl 2 , 1.2 NaH 2 PO 4 , 10 HEPES, 21.2 NaHCO 3 , 1 pyruvic acid, 8 glucose (pH adjusted to 7.4 with NaOH), with 3 M nicardipine and 1 M scopolamine at a flow rate of 2-3 ml/min. Drugs were diluted in Krebs buffer and bath applied.
Ethidium bromide dye uptake. Hemichannel activity was measured in enteric glia by ethidium bromide (EtBr) dye uptake as described by Orellana et al. (2010) for astrocytes. Briefly, LMMP whole mounts were prepared from background control mice and incubated with EtBr (5 M in DMEM) for 10 min at 37°C. Extracellular EtBr was removed by washing the samples with fresh DMEM and EtBr fluorescence was immediately recorded using the Ca 2ϩ imaging microscope described above with the tetramethylrhodamine filter set described for tdT. Basal hemichannel activity was measured as the EtBr fluorescence in nonstimulated glial cells (only exposed to EtBr). Stimulated hemichannel activity was measured as the EtBr fluorescence in glia cotreated with ADP (100 M) during the 10-min EtBr incubation. The portion of EtBr uptake mediated by connexin-43 (Cx43) hemichannels was measured by preincubating tissue samples in the Cx43 mimetic peptide 43Gap26 (100 M) (Boitano and Evans 2000; McClain et al. 2014 ) for 30 min. The effect of Ca 2ϩ on EtBr uptake was determined by cotreatment of EGTA (1 mM) during the 10-min EtBr incubation.
Whole-mount immunohistochemistry. Whole-mount LMMPs were fixed overnight in Zamboni's fixative at 4°C and processed for immunohistochemistry (IHC) as described previously (Gulbransen et al. 2012) . Antibody details are supplied in Table 1 . Briefly, LMMPs were rinsed three times (10 min each) in PBS containing 0.1% Triton X-100 followed by a 45-min incubation in blocking solution (containing 4% normal goat serum, 0.4% Triton X-100, and 1% BSA). Primary antibodies were diluted in blocking solution and applied overnight at room temperature. LMMPs were rinsed three times with PBS after removal of primary antibodies the following day, and secondary antibodies (diluted in blocking solution) were applied for 2 h at room temperature. Finally, LMMPs were rinsed in 0.1 M phosphate buffer and mounted on slides with bicarbonate-buffered glycerol consisting of a 1:3 mixture of 142.8 mM sodium bicarbonate and 56.6 mM carbonate to glycerol. Images were acquired through the 40ϫ (0.75 numerical aperture, PlanFluor) objective of an upright epifluorescence microscope (Eclipse Ni; Nikon, Melville, NY) with a Retiga 2000R camera (QImaging, Surrey, BC, Canada) controlled by QCapture Pro 7.0 (QImaging).
Sodium FA treatment. Glial metabolism was inhibited with the drug sodium FA as previously described by MacEachern et al. (2015) for enteric glia and summarized by Fonnum et al. (1997) . Briefly, LMMP whole mounts were incubated with FA (5 mM dissolved in DMEM; 37°C; 5% CO 2 , 95% air) for 2 h before Ca 2ϩ imaging and dye uptake experiments. For IHC experiments, whole mounts were exposed to FA in Krebs buffer for 2 h, rinsed with Krebs, and then incubated in Krebs buffer for an additional 2 h before being fixed overnight with Zamboni's fixative.
Chemicals and reagents. ADP sodium salt, EtBr, sodium FA, tamoxifen-free base, and chemicals for Krebs buffer and IHC were purchased from Sigma-Aldrich (St. Louis, MO). Fluo-4 AM, DMEM, and Pluronic F127 were purchased from Thermo Fisher Scientific (Waltham, MA). 43Gap26 was purchased from AnaSpec (Fremont, CA).
Data analysis. Raw Ca 2ϩ imaging files were analyzed with Andor iQ2 software where regions of interest were drawn around enteric glial cells within a ganglion, and the relative fluorescence intensity was measured. Analysis and generation of traces were performed using GraphPad Prism 5 (GraphPad Software, La Jolla, CA). Traces represent the average change in fluorescence (⌬F/F) over time [as described by Takahashi et al. (1999) ] for all glial cells within a single ganglion. The half time to peak was calculated as one-half of the time of the peak response from the baseline [time of (F max Ϫ F base )/2]. The full width at half-maximum (FWHM) was calculated by measuring the width of the peak at one-half of the baseline. Half time to peak and FWHM are expressed as time in seconds. The activation profile was calculated by measuring the time to response in seconds of all glial cells after the first glial response within a ganglion.
EtBr dye uptake digital images were analyzed offline using ImageJ software (National Institutes of Health, Bethesda, MD). Regions of interest were drawn around enteric glial cells within a ganglion that we identified by morphology [as described by Gulbransen and Sharkey (2009)]. Mean gray values of enteric glial cells were measured to obtain a glial cell population average. EtBr data were performed on a minimum of 10 ganglia/animal from at least 3 mice. The total number of glial cells is represented by n values, and data are expressed as percent buffer control.
Cell counts and ganglionic expression data were analyzed offline using ImageJ software. Cell counts were performed using the cell counter plug-in of ImageJ software. Enteric neuron and glial cell numbers are presented as ganglionic packing density, which was calculated by tracing the ganglionic area and counting the number of HuC/D-immunoreactive neurons or S100␤-immunoreactive glia within the defined ganglionic area. The relative ganglionic expression of S100␤, GFAP, and Cx43 was measured by recording the mean gray values of S100␤, GFAP, and Cx43 fluorescence within a defined ganglionic area. Fluorescence density (integrated density) was calculated as the product of area and mean gray value (McCloy et al. 2014) and is reported as the intensity in arbitrary fluorescence units per squared micrometer of the ganglionic area. Cell counts and ganglionic expression data were performed on a minimum of 10 ganglia per animal and averaged to obtain a value for that animal. The number of animals in each experiment is represented by n values, and data are expressed as percent buffer control.
Statistical analysis. Data were analyzed using GraphPad Prism 5 and are shown as means Ϯ SE. EtBr dye uptake was analyzed by one-way ANOVA with a Bonferroni post-test. Remaining data were analyzed by Student's t-test, and P Ͻ 0.05 was considered significant.
RESULTS
Glial Ca
2ϩ signaling is important in the regulation of neural networks in the periphery (Agulhon et al. 2013; McClain et al. 2015) and central nervous system (Cao et al. 2013; Martín et al. 2015; Scofield et al. 2016) . FA is commonly used as an experimental tool to disrupt glial functions, but its impact on glial Ca 2ϩ signaling is not known. Therefore, our first goal was to determine how the acute inhibition of glial metabolism with FA affects glial Ca 2ϩ signaling in the ENS. To this end, we measured glial Ca 2ϩ responses driven by the P2Y1 receptor agonist ADP (Brown et al. 2016; McClain et al. 2014 (Fig.  1A) . The two main parameters that we used to assess Sox10-PC::G5-tdT mice were the expression pattern of the tdT reporter and the change in glial GCaMP5G fluorescence observed upon stimulation with ADP. We observed robust tdT expression in the mouse intestine following the induction of Cre recombinase with tamoxifen. Dual labeling with the glial marker S100␤ confirmed that all tdT-expressing cells were enteric glial cells (Fig. 1B) . Approximately 85% of all S100␤-positive enteric glial cells also expressed tdT in the myenteric plexus of the colon 5 days following the induction of Cre. Importantly, tdT expression was absent in background control mice injected with tamoxifen (data not shown). These results show that the induction of Cre recombinase in Sox10-PC::G5-tdT drives the selective expression of GCaMP5G-tdT in the majority of enteric glia. Next, we tested whether the GCaMP5G expressed by enteric glia is a good indicator of [Ca 2ϩ ] i transients. GCaMP5G fluorescence was nearly undetectable in quiescent glial cells but dramatically increased in fluorescence upon stimulation of glia with the P2Y1 agonist ADP (100 M; Fig. 1C and Supplemental Video S1, available in the data supplement online at the Journal of Neurophysiology Web site). Interestingly, GCaMP5G reported Ca 2ϩ transients in glial processes much more effectively than we (Fried and Gulbransen 2015) or others (Broadhead et al. 2012) have observed in past experiments using Fluo-4 (Fig. 1C) . The majority of GCaMP5G fluorescence in active glia was present in glial processes, and relatively little activity was observed in the soma. We also frequently observed spontaneous activity in glial cells before stimulation with ADP, suggesting that GCaMP5G is a good indicator of physiological levels of glial activity. Doseresponse experiments to assess the sensitivity of the GCaMP5G reporter in Sox10-PC::G5-tdT mice (Fig. 1D) showed that ADP dose-dependently evokes glial Ca 2ϩ responses in Sox10-PC::G5-tdT mice with a calculated EC 50 of 29 M. This agrees well with our prior work using Fluo-4 where we showed that 100 M elicits robust and consistent increases in [Ca 2ϩ ] i in enteric glia (Brown et al. 2016 ). Therefore, we used 100 M ADP to drive glial [Ca 2ϩ ] i responses in the remainder of this study.
The usefulness of prior-generation glial GCaMP mice, such as the GFAP-GCaMP3 mice used by Hennig et al. (2015) , has been limited due to several drawbacks that include a lack of specific expression in glia and poor temporal resolution and ⌬F yield compared with organic dyes such as Fluo-4. The above data show that our model has superior specificity for glia than these previous models, but it was unknown whether the temporal resolution and ⌬F yield would also be superior. Therefore, we performed experiments to compare directly the magnitude and temporal kinetics of glial Ca 2ϩ responses reported by GCaMP5G to Fluo-4. Our results from these experiments show that the magnitude and temporal kinetics of glial Ca 2ϩ responses evoked by ADP in tissue from Sox10-PC::G5-tdT mice are comparable with those observed in glia loaded with Fluo-4 in tissue from background control mice (Fig. 1, E and  F) . The average peak response of all glia within a myenteric ganglion was 0.761 Ϯ 0.274 ⌬F/F in Sox10-PC::G5-tdT transgenic mice and 0.597 Ϯ 0.096 ⌬F/F in background control ] i responses specifically in the enteric nervous system. A: model of our experimental paradigm comparing Fluo-4 and GCaMP5G imaging in the colonic myenteric plexus. Note that Fluo-4 loads both enteric neurons and glia, whereas GCaMP5G expression is isolated to enteric glia in our genetic model. B: representative epifluorescence images showing the specific expression of tdT (red, left) in S100␤-immunoreactive enteric glia (grayscale, middle) in the colonic myenteric plexus of Sox10-PC:: G5-tdT mice (overlay, right). C: representative still images from a Ca 2ϩ imaging experiment showing GCaMP5G fluorescence (grayscale, middle 2) in enteric glia (identified by tdT fluorescence; red, left) in a myenteric ganglion from a Sox10-PC::G5-tdT mouse. GCaMP5G fluorescence is low at rest (baseline) and increases robustly when glial [Ca 2ϩ ] i responses are stimulated by ADP (100 M; peak). Note that [Ca 2ϩ ] i responses are limited to tdT-positive glial cells (overlay, right). D: representative traces of [Ca 2ϩ ] i levels in enteric glia (black traces) within a myenteric ganglion (averaged response of all glia within ganglion, overlaid in green) from Sox10-PC::G5-tdT mice exposed to an ADP dose-response curve (10 M, 100 M, and 1 mM, subsequently). ⌬F/F, change in fluorescence. E: representative traces comparing the mean [Ca 2ϩ ] i responses of myenteric glia with ADP recorded using GCaMP5G fluorescence of n ϭ 20 glia from a single myenteric ganglion from Sox10-PC::G5-tdT mice (magenta) or traditional Fluo-4 loading of n ϭ 17 glia from a single myenteric ganglion from background control animals (green). F: GCaMP5G fluorescence reports an average peak [Ca 2ϩ ] i response that is comparable with those reported by Fluo-4. Peak responses are the average of all glia within a myenteric ganglion exposed to ADP of n ϭ 6 -7 ganglia from at least 3 mice. Scale bars ϭ 10 M. mice (P Ͼ 0.05; Fig. 1F ). Together, these results show that Sox10-PC::G5-tdT mice are comparable with our previous work and a highly effective model system to study enteric glial Ca 2ϩ responses specifically. Effects of FA on glial Ca 2ϩ responses. The effectiveness of the Sox10-PC::G5-tdT mice gave us great confidence that we would be able to determine reliably whether FA has a significant effect on glial Ca 2ϩ signaling. To this end, we studied the effects of an acute exposure to FA (2 h) on glial Ca 2ϩ responses evoked by ADP in tissue from Sox10-PC::G5-tdT mice (Fig. 2) . Surprisingly, FA had no effect on the glial response evoked by ADP when we expressed these data as an average response of all glia within a ganglion (Fig. 2A) . The mean peak response of all glia within a myenteric ganglion was 0.772 Ϯ 0.195 ⌬F/F in control tissue and 0.763 Ϯ 0.240 ⌬F/F in FA-pretreated tissue (P Ͼ 0.05; Fig. 2B) .
The above data were puzzling because they suggested that FA has little to no effect on glial Ca 2ϩ waves despite a number of studies showing a significant effect of FA on functions mediated by glia (Fonnum et al. 1997; Gordon et al. 2005; Hassel et al. 1994; Keyser and Pellmar 1994; MacEachern et al. 2015; Nasser et al. 2006; Swanson and Graham 1994) . One explanation for the lack of effect is that the compression of the data to an averaged ganglionic glial Ca 2ϩ response masks important, subtle changes in individual cells. We tested this hypothesis by closely analyzing specific parameters of the glial Ca 2ϩ response on a cell-by-cell basis and found that differences did begin to emerge when we took this more detailed look at the data (Fig. 3) . Specifically, fewer glial cells per ganglion responded to ADP in tissue treated with FA (84.67 Ϯ 4.20% control vs. 56.44 Ϯ 10.96% FA, P Ͻ 0.05; Fig. 3, A and  B) , but the peak response of glia still exhibiting a response to ADP in FA-treated tissue was larger than control (average peak response of responding glial cells: 1.00 Ϯ 0.07 ⌬F/F control vs. 1.26 Ϯ 0.13 ⌬F/F FA, P Ͻ 0.01; Fig. 3C ). FA also significantly altered the kinetics of the Ca 2ϩ responses observed in responding cells. Specifically, the assessment of the quickness of the response by measuring the half time to peak and the length of the response by measuring the FWHM revealed that glia elevated Ca 2ϩ more rapidly after treatment with FA (half time to peak: 3.14 Ϯ 0.19 s control vs. 2.39 Ϯ 0.20 s FA, P Ͻ 0.01; Fig. 3D ) and that these glial responses were more brief (FWHM: 6.07 Ϯ 0.29 s control vs. 2.94 Ϯ 0.19 s FA, P Ͻ 0.0001; Fig. 3E ). Despite these alterations, the activation profile of responding glia exposed to FA was comparable with control glia (Fig. 3F) . These data show that FA has significant effects on glial cell Ca 2ϩ transients that are masked by averaging the activity of all cells within an individual ganglion.
Effects of FA on glial hemichannel function. Given that our data suggest that FA alters glial Ca 2ϩ responses, FA should also disrupt downstream mechanisms that are regulated by Ca 2ϩ signaling. We have previously shown that the activation of P2Y1 receptors in enteric glia drives Ca 2ϩ responses that subsequently enact pathways leading to the opening of hemichannels composed of Cx43 and that this is a key mechanism of intercellular communication used by enteric glia (McClain et al. 2014) . Likewise, the regulation of Cx43 hemichannels by pathways downstream of Ca 2ϩ responses is well described in other types of glia (De Vuyst et al. 2009; Kang et al. 2008; Wang et al. 2013) . Hemichannels composed of Cx43 are permeable to EtBr (Contreras et al. 2002) , and EtBr uptake is an efficient method to test their activity (Orellana et al. 2011; Retamal et al. 2006 Retamal et al. , 2007 . Therefore, we used this technique to determine whether FA affects Cx43 hemichannel activity in enteric glia at rest or following stimulation of intracellular Ca 2ϩ signaling with the P2Y1 receptor agonist ADP. EtBr uptake by astrocytes under normal conditions is low due to the low open probability of Cx43 hemichannels at rest (Retamal et al. 2007; Sáez et al. 2005) . In agreement, our results show that enteric glial cells display a very small amount of baseline uptake of EtBr in control (nonstimulated) tissue (Fig. 4) . This baseline uptake was at least partly mediated by Cx43 hemichannels because preincubation with the Cx43 mimetic peptide 43Gap26 (100 M) reduced baseline uptake by 28% (Fig. 4C ). Incubation with FA had no effect on baseline uptake of EtBr (Fig. 4C) . Stimulation of glial Ca 2ϩ signaling with ADP increased EtBr uptake by 12%, and ADP-driven EtBr uptake was completely abolished by 43Gap26 (Fig. 4C) , indicating that the ADP-driven increase was entirely Cx43 dependent. Interestingly, we found that FA inhibited the maximal ADPdependent increase in glial EtBr uptake (Fig. 4C) . Ca 2ϩ chelation with EGTA did not affect baseline EtBr uptake but completely abolished the ADP-driven uptake of EtBr (Fig. 4C) . These data show that dysregulation of glial Ca 2ϩ signaling by FA impacts downstream mechanisms such as Cx43 hemichannel opening.
Effects of FA on neuron and glial survival and glial expression of key proteins. The effects of FA on glial cell function may be due, in part, to changes in glial protein expression or neuron and/or glial cell survival when glial metabolic pathways are impaired. We tested this possibility by quantifying the expression of the key glial cell proteins Cx43, S100␤, and GFAP after incubation in FA (Fig. 5) . We also assessed whether FA altered neuron and glial survival by quantifying neuronal density with HuC/D labeling and glial density with S100␤. We were able to rule out the possibility that FA causes neuron or glial degeneration because we did not observe any ] i response of all glia within a myenteric ganglion driven by ADP (100 M) in control samples (magenta) or samples exposed to FA (5 mM, blue). The control trace is the averaged response of n ϭ 20 glia within a single myenteric ganglion, and the FA trace is the averaged response of n ϭ 26 glia within a single myenteric ganglion. B: quantification of the effect of FA on peak glial [Ca 2ϩ ] i responses driven by ADP. Data are expressed as an averaged response of all glia within a myenteric ganglion (averaged ganglionic response) of n ϭ 9 ganglia from at least 5 mice. change in neuron or glial packing density following FA treatment (Fig. 5D) . We also did not observe any change in Cx43 expression (102.4 Ϯ 10.45% of control, P Ͼ 0.05). In contrast, we observed a 17% decrease in the intensity of S100␤ labeling (P Ͻ 0.05; Fig. 5 , A and A=) and a 56% increase in the intensity of GFAP immunoreactivity (P Ͻ 0.05; Fig. 5, B and B=) . We did not observe a difference in glial cell coexpression of S100␤ and GFAP following FA treatment (P Ͻ 0.05; Fig. 5 , C, C=, and E). These results suggest that altered glial phenotype, rather than survival, may contribute to altered glial cell function following acute exposure to FA.
DISCUSSION
The main results of our study show that the acute inhibition of glial metabolism with FA affects essential glial functions including [Ca 2ϩ ] i signaling, hemichannel function, and expression of key glial markers such as S100␤ and GFAP. FA had relatively minor effects on glial Ca 2ϩ responses when viewed at the population level. However, FA significantly altered the kinetics of the Ca 2ϩ responses in individual cells and decreased the total number of cells responding. Our data suggest that the latter of these two effects is caused by a disruption in hemichannel opening downstream of Ca 2ϩ responses. Interestingly, enteric glia responded to acute metabolic inhibition with changes in protein expression consistent with a conversion to a reactive state.
Our study provides direct evidence that FA affects glial cell [Ca 2ϩ ] i signaling. Yet the effects of FA were surprisingly minor given the body of published work showing effects of FA/FC on functions that are presumably mediated by glia ] i response of cells still exhibiting a response (C), the half time to peak of glial [Ca 2ϩ ] i responses (D), the full width at half max (FWHM; E), and the activation profile of glial [Ca 2ϩ ] i responses (F). Data are representative of recordings in n ϭ 90 and 160 glial cells (FA and control, respectively) from at least 5 mice. *P Ͻ 0.05, **P Ͻ 0.01, ****P Ͻ 0.0001, Student's t-test. (Henneberger et al. 2010; Letellier et al. 2016; MacEachern et al. 2015; Nasser et al. 2006; Pougnet et al. 2014; Wang et al. 2016 ). This may indicate that the predominant effects of FA are on glial functions that are not mediated by Ca 2ϩ -dependent signaling pathways. However, an alternate interpretation is that even the minor disruption of a key regulatory signal, such as [Ca 2ϩ ] i in glia, can have broad effects on neuronal networks. Glial [Ca 2ϩ ] i signaling is a "master regulator" of multiple signal transduction pathways that control important glial mechanisms such as the release of mediators through hemichannels composed of Cx43 (De Vuyst et al. 2009 ). The opening of Cx43 hemichannels is an important mechanism of intercellular communication used by enteric glia (McClain et al. 2014; Zhang et al. 2003) and astrocytes (Chever et al. 2016; Stout et al. 2002; Theis and Giaume 2012) , and the selective impairment of glial Cx43 function in genetic models has major effects on neural networks (Chever et al. 2014 (Chever et al. , 2016 Frisch et al. 2003; McClain et al. 2014) . In our study, we found that the minor impairment of glial [Ca 2ϩ ] i signaling caused by FA produced large effects on the activity-dependent opening of Cx43 hemichannels but not on Cx43 protein expression or basal function of Cx43 hemichannels. Therefore, our data support the conclusion that FA significantly disrupts activitydependent functions of glia that are associated with synaptic signaling. This relatively minor impairment of glial [Ca 2ϩ ] i signals presumably has disproportionately large effects on neuronal networks by broadly influencing multiple key signaling pathways such as we showed here for Cx43 hemichannel opening.
Our data show that the impairment of the glial TCA cycle with FA had no effect on baseline Cx43 dye uptake but impaired activity-dependent dye uptake through Cx43. In support of our findings, the impairment of the glial TCA cycle with FC also decreases dipeptide uptake into enteric glia (Nasser et al. 2006) . However, other reports suggest that the impairment of glial metabolism increases the uptake of dyes through Cx43. For example, Contreras et al. (2002) used an in vitro model of cortical ischemia to show that the inhibition of oxidative and glycolytic metabolism in cultured astrocytes induces the opening of Cx43 hemichannels. In this study, astrocyte metabolism was impaired with a combination of antimycin A and iodoacetic acid. These drugs are presumed to impair glycolysis and oxidative phosphorylation through specific effects on GAPDH (iodoacetic acid) and cytochrome c reductase (antimycin A), respectively (Dairaku et al. 2004; Rego et al. 1999) . However, both of these compounds have significant effects on mechanisms that control Cx43 hemichannel function that are independent of their effects on metabolic inhibition. For example, iodoacetic acid is an alkylating agent that reacts with cysteine residues, and cysteines are key regulatory elements of connexin hemichannels (Retamal et al. 2006 (Retamal et al. , 2009 . Likewise, the inhibition of cytochrome c reductase with antimycin A generates the free radical superoxide (Dairaku et al. 2004) , and oxidative stress induces Cx43 hemichannel permeation (Retamal et al. 2006 ). These confounding factors make the interpretation of data from this study difficult and whether the effects on glial Cx43 hemichannel function observed by Contreras et al. (2002) were due to metabolic inhibition or the unanticipated side effects of the drugs used remains unclear.
We believe that the most reasonable mechanistic explanation that links impaired glial metabolism with altered [Ca 2ϩ ] i signals is the energy dependence of the sarco/endoplasmic reticulum Ca 2ϩ ATPase (SERCA) pump. The release of Ca 2ϩ from intracellular stores is the main source of glial Ca 2ϩ transients (Finkbeiner 1993) , and the spatiotemporal regulation of Ca 2ϩ within glial cells is regulated by the activity of the SERCA pump (Simpson and Russell 1997) . This is a highly energydependent process (Chinet et al. 1992; Smith et al. 2013 ) that would be among the first impacted by metabolic disruption. Although we did not directly test the activity of glial SERCA pumps in this study, the specific characteristics of the [Ca 2ϩ ] i responses after exposure to FA in our study such as reduced response length, a shorter time to peak, and a larger peak all imply altered SERCA activity. However, many mechanisms could conceivably contribute to the altered kinetics of glial [Ca 2ϩ ] i responses during metabolic inhibition. The changes that we observed in protein expression indicate that enteric glia react to metabolic impairment/starvation by becoming "reactive." For example, we observed a significant increase in GFAP immunoreactivity following FA treatment, and the upregulation of GFAP is a classic characteristic of reactive gliosis (Bradley et al. 1997; Gabella 1984; Thacker et al. 2011; von Boyen et al. 2004) . The fact that other groups have observed similar changes in GFAP expression in an ischemia-reperfusion model of ENS metabolic injury (Thacker et al. 2011 ) strongly suggests that the general response of enteric glia to metabolic stress is to become reactive. If this is true, then extreme caution will be needed when conducting or interpreting any study that uses FA/FC because subsequent changes in neuronal function may be due to a loss of glial influence and/or a transition to reactive gliosis. Interestingly, Nasser et al. (2006) did not report altered GFAP expression in the myenteric plexus of mice treated with FC for 1 wk in vivo. This difference may indicate that the reactive response of glia to a metabolic challenge is transient or that glia compensate for long-term inhibition of the TCA cycle by transitioning to alternate metabolic pathways. However, Nasser et al. (2006) did not actually quantify the expression of GFAP in the myenteric plexus so it is difficult to determine whether the lack of change reported is accurate. Interestingly, Nasser et al. (2006) did observe a significant upregulation of phosphorylated ERK1/2 in enteric glia in tissue samples acutely exposed to FC in vitro. These findings support our observations, because phosphorylated ERK1/2 is linked to an increase in reactive gliosis and GFAP expression in astrocytes (Heffron and Mandell 2005). A-C and A=-C=: representative epifluorescence images of S100␤ immunoreactivity (green, A and A=), glial fibrillary acidic protein (GFAP) immunoreactivity (magenta, B and B=), and overlay (C and C=) in myenteric ganglia from control whole mounts (A, B, and C) and whole mounts exposed to FA (A=, B=, and C=). Note that S100␤ immunoreactivity decreases in glia exposed to FA (green, A=) and that GFAP immunoreactivity increases in glia exposed to FA (magenta, B=). D: quantification of ganglionic S100␤, GFAP, and connexin-43 (Cx43) )] expressed as the percentage of buffer control levels. Scale bar (C=) ϭ 10 m and applies to A-C and A=-C=. E: quantification of glial cells coexpressing S100␤ and GFAP. Measurements were obtained by sampling ganglia from n ϭ 4 animals. *P Ͻ 0.05, Student's t-test.
Reactive gliosis is typically considered a defensive response of glia to protect neural networks from damage during disease or injury (Burda and Sofroniew 2014) . Importantly, new data show that reactive gliosis is also required for repair processes after injury such as axon regeneration (Anderson et al. 2016) . The role of reactive gliosis in the gut is currently unclear, but available data do support a similar protective role. For example, reactive gliosis observed by Thacker et al. (2011) during ischemia-reperfusion is most likely a protective response to preserve neuron integrity during transient metabolic stress. Reactive gliosis is a broad spectrum of glial responses to insults that should not be confused with physiological glial activation or glial activation during acute inflammation. For example, we recently showed that glial activation by neuron danger cues released during acute inflammation is responsible for driving enteric neuron death (Brown et al. 2016) . Likewise, we showed that glial activity encoded by [Ca 2ϩ ] i responses plays an important role in the physiological regulation of gut motility (McClain et al. 2014 (McClain et al. , 2015 . Importantly, the influence of glial activation on neural networks during inflammation and during normal physiology requires that the activity-dependent opening of glial Cx43 hemichannels that we showed here depends on glial [Ca 2ϩ ] i responses. Our results in this study show that the conversion to reactive gliosis initiated by FA has the opposite effect on glial activity and decreases Cx43 hemichannel opening. Given that glial Cx43 opening is critical for neurodegeneration during inflammation (Brown et al. 2016) , the decrease of its activity during metabolic stress likely functions to protect against inadvertently killing neurons.
The direct effects of FA on the loading or function of organic Ca 2ϩ indicator dyes such as Fluo-4 are potential confounding factors in any study that aims to examine the effects of FA on glial Ca 2ϩ signaling. We avoided this issue in the current study by generating a novel optogenetic mouse model to study enteric glial Ca 2ϩ responses specifically. Our results show that the Sox10 promoter is highly effective at specifically driving the expression of GCaMP5G-tdT in enteric glial cells within the gut. The temporal kinetics and fluorescence yield of GCaMP5G were also impressive compared with prior-generation GCaMP mice used to study enteric glia (Hennig et al. 2015) . The large, dynamic range of GCaMP5G (Akerboom et al. 2012 ) combined with the specificity of the Sox10 promoter will be a significant benefit to future work that aims to study glial Ca 2ϩ responses in the gut. In particular, the excellent responses that we observed in glial processes suggest that this model will be particularly useful to study physiological signaling events that occur in the fine processes of glial cells.
In conclusion, our results provide important insight into how the metabolic impairment of glia with FA affects specific glial functions. This is a classic technique that has been used for many years to study the role of glia in the nervous system. However, our understanding of how it affects specific glial functions involved in neurotransmission such as Ca 2ϩ signaling and hemichannel function is limited. Our work provides a basic understanding of how FA affects key functions of enteric glial cells that are involved with neurotransmission in the gut. We feel that this information will be broadly beneficial to the field in terms of planning future studies and in interpreting prior work that used metabolic toxins.
